cultures from embryonic mouse, it is shown that actiusing microfluorimetric techniques. Glutamate-evoked vation of a cerebellar granule neuron can give rise to Ca 2ϩ increases in brain glia seem to represent at least a rapid inward current in an adjacent glial cell. This three different modes of Ca 2ϩ signaling: direct influx via current is mediated by activation of Ca 2؉ -permeable Ca 2ϩ -permeable AMPA/kainate receptors, as found in AMPA/kainate receptors and is largely independent of GluR2-lacking cerebellar astrocytes (Burnashev et al., glutamate reuptake or gap junctional coupling. Fur-1992; Muller et al., 1992) ; Ca 2ϩ influx via voltage-gated thermore, prolonged stimulation of the granule neuron Ca 2ϩ channels as triggered by AMPA/kainate receptorat 4 Hz can give rise to long-term potentiation (LTP) mediated depolarization (Glaum et al., 1990) ; and activaof the glial synaptic current that has similar properties tion of phosphoinositide-linked metabotropic glutamate to LTP of granule neuron-Purkinje neuron synaptic receptors and the consequent mobilization of Ca 2ϩ from transmission-its induction is independent of postsyn-IP 3 -gated internal stores (Jensen and Chiu, 1990 ; Coraptic depolarization, postsynaptic Ca 2؉ influx, or glutanell- Bell et al., 1990; . These mate receptor activation but requires presynaptic Ca
2؉
Ca 2ϩ responses can take the form of brief spikes, proinflux. These findings suggest a model in which cerelonged oscillations, or slow (6-30 m/s) traveling waves. bellar LTP is both induced and expressed presynaptiTogether, these results have clearly shown that memcally and therefore may be detected by either neuronal brane currents and cytosolic Ca 2ϩ responses may be or glial postsynaptic cells.
evoked in glia by application of exogenous neurotransmitter, but they do not address the question of whether Introduction glial cells can respond to neurotransmitter released from synaptic terminals. The details of this question are of Attributing the locus of expression of long-term usegreat computational importance. Do glia only have the dependent synaptic change to pre-or postsynaptic ability to respond slowly to relatively small changes in structures in the central nervous system has been a neurotransmitter concentration that occur in the bulk surprisingly difficult endeavor. Several methods have extracellular fluid, or can they respond rapidly to localbeen suggested to resolve this issue, including analysis ized release of neurotransmitter in the manner of of synaptic failure rate, coefficient of variation of excitneurons? atory postsynaptic currents (EPSCs), paired pulse faciliRepetitive neuronal stimulation has been shown to tation, and minimal stimulation of "silent synapses," but produce a slow depolarization of the glial membrane over time, the applicability of all of these methods has mediated by an increase in the concentration of extrabeen called into question (Kullman and Siegelbaum, cellular K ϩ in several preparations (Orkand et al., 1966 (Orkand et al., ). 1995 Isaac et al., 1995; Liao et al., 1995; Wang and Kelly, A similar stimulation protocol (sustained 8 Hz stimulation 1996; Kullman et al., 1996) . If a nonneuronal detector of applied to axons in an organotypic slice culture) was synaptically released neurotransmitter could be used to found to evoke slow Ca 2ϩ waves in hippocampal astromeasure use-dependent changes in neurotransmitter cyte networks (Dani et al., 1992; Porter and McCarthy, release , then this could provide a novel form of evidence 1996). A related approach was taken by investigators for determining locus of expression. The present report who recorded membrane currents from individual cortiwill show that in cultures of embryonic mouse cerebelcal astrocytes simultaneous with microfluorimetric Ca 2ϩ lum, glial cells can serve as such a detector and thereby signals from adjacent neurons (Murphy et al., 1993) . can be used to examine the expression of cerebellar They found that spontaneous Ca 2ϩ transients in neurons, long-term potentiation (LTP).
which corresponded to neuronal action potentials, were Responses of glial cells in situ to application of exogeoften very closely associated with inward currents in an nous neurotransmitters were first recorded in the cereadjacent glial cell (latencies Ͻ10 ms). These electrobral cortex (Krnjevic and Schwartz, 1967) . Initially, these responses were thought to represent an indirect effect physiological findings have been complemented by the glial localization of the cloned ionotropic glutamate refibers (Xia et al., 1991) , and the consequent activation of cAMP-dependent protein kinase. It has also been ceptor subunits (Petralia and Wenthold, 1992; Blackstone et al., 1992; Baude et al., 1994; Patneau et al., suggested that LTP of the parallel fiber-Purkinje neuron synapse is expressed presynaptically, as it is associated 1994) and excitatory amino acid transporters (Rothstein et al., 1994; Chaudhry et al., 1995) by immunocytochemwith a sustained decrease in paired-pulse facilitation (Salin et al., 1996) . istry and in situ hybridization.
While the aforementioned experiments have sugThe cerebellar cortex is a particularly good location to investigate neuron-to-glia signaling as Bergmann glial gested that brain glia respond directly to synaptically released glutamate, they are not definitive. However, cells ensheath the parallel fiber-Purkinje neuron synapse unusually tightly and completely (Spacek, 1985) . Mennerick and Zorumski (1994) have provided definitive evidence using the microisland culture technique to reFurthermore, the Bergmann glia express a high density of ionotropic glutamate receptors (Hampson et al., 1992 ; cord simultaneously from an adjacent neuron and a glial cell derived from dispersed hippocampus. As neurons Martin et al., 1993; Petralia et al., 1994) on the plasma membrane adjacent to these synapses (Baude et al, on microislands form extensive self-synapses (autapses), autaptic and glial currents may be recorded 1994). The following experiments utilize cell-pair recordings in cultures of embryonic mouse cerebellum to following a brief depolarizing voltage step applied to the neuronal soma. When an action potential was evoked, investigate glial synaptic currents and their LTP. both autaptic and glial inward currents were recorded within 5 ms. The autaptic current was sensitive to antagResults onists of ionotropic glutamate receptors (AP5, CNQX, and GYKI). However, the glial current was largely insenGlial cells were identified in culture as large cells with sitive to glutamate receptor antagonists. Furthermore, nontapering processes and a stellate or fusiform shape. the glial current was very sensitive to replacement of When recordings were made in current clamp mode with external Na with Li, as well as the reuptake inhibitor a K ϩ -based saline, granule and Purkinje neurons but not hydroxyaspartate, and did not reverse at a command glial cells generated action potentials upon injection of potential of ϩ50 mV, all characteristics of an electropositive current (data not shown). In some cases, this genic glutamate reuptake mechanism.
identification was confirmed with immunocytochemistry The cerebellar cortex has been suggested to include for glial fibrillary acidic protein, which was positive for an essential circuit for certain forms of motor learning, glial cells and negative in adjacent neurons (Figures including associative eye-blink conditioning and adap-1A and 1B). Conversely, glial cells were negative for tation of the vestibulo-ocular reflex (Thompson 1986;  calbindin-D 28K , a specific marker for Purkinje neurons. Ito, 1989; Raymond et al., 1996) . One cellular model Whole-cell patch-clamp recordings of glial cells were system thought to contribute to learning in this structure initially made using a standard KCl-based internal saline is cerebellar long-term depression (LTD), in which coacand a standard NaCl-based external saline suppletivation of climbing fiber and parallel fiber inputs to a mented with picrotoxin to block GABA A receptors. With Purkinje neuron and induces a persistent, input-specific this recording configuration, the glial resting potential depression of the parallel fiber-Purkinje neuron synapse was Ϫ82.7 Ϯ 9.5 mV (n ϭ 19), and the input resistance (Ito et al., 1982; reviewed by Linden and Connor, 1995) . was 2.1 Ϯ 1.0 M⍀ (n ϭ 19). The low input resistance was The converse phenomenon, cerebellar LTP, has also due in part to a high degree of gap junctional coupling been described, in which the parallel fiber-Purkinje neubetween astrocytes. When octanol (200 M), a blocker ron synapse is strengthened by repetitive parallel fiber of gap junctions (Bernardini et al., 1984) , was applied, stimulation at low (2-8 Hz) frequencies (Sakurai, 1987, input resistance increased in 5 of 11 cells to 6.3 Ϯ 2.8 1990; Hirano, 1990 Hirano, , 1991 Crepel and Jaillard, 1991 ; Shi-M⍀ (n ϭ 5; the other 6, which were unaffected, had buki and Okada, 1992; Salin et al., 1996) , thus endowing input resistance of 2.0 Ϯ 0.8 M⍀). However, a more this synapse with the capacity for use-dependent bidiimportant determinant of input resistance was a large rectional modification, a computationally important passive K ϩ conductance. When recordings were made property (Houk and Barto, 1991) . using a Cs/TEA-based internal saline to block K ϩ conRecently, a mechanistic description of cerebellar LTP ductances, the recorded input resistance was higher yet has been proposed (Salin et al., 1996) . It was shown (15.9 Ϯ 4.4 M⍀; n ϭ 20). This increase in input resistance that LTP at this synapse was induced by 8 Hz ϫ 15 s was accompanied by the improved resolution of small stimulation and was not blocked by application of a spontaneous inward currents measured in voltagepostsynaptic Ca 2ϩ chelator or blockade of ionotropic clamp mode at a holding potential of Ϫ80 mV (Figure glutamate receptors (with bath-applied kynurenate).
2A). These spontaneous currents had a mean amplitude Cerebellar LTP induction was blocked by removal of of 132 Ϯ 41 pA and a mean interval of 198 Ϯ 45 ms (n ϭ external Ca 2ϩ , inhibition of cAMP-dependent protein ki-100 events in a single representative cell). Spontaneous nase, or occlusion via activation of adenylate cyclase.
currents were seen in ‫%08ف‬ of glial cells and in 100% These findings suggest a model previously proposed of those glial cells in which evoked currents could be for LTP induction at the mossy fiber-CA3 synapse in recorded (see below). Cs/TEA-based internal salines hippocampus (Weisskopf et al., 1994) in which presynwere used in all subsequent glial recordings. aptic Ca 2ϩ entry during axon stimulation resulted in actiFollowing establishment of a whole-cell recording vation of a Ca 2ϩ -sensitive adenylate cyclase, such as the from a glial cell, a loose patch electrode was attached type I isoform of adenylate cyclase, which is enriched in both hippocampal mossy fibers and cerebellar parallel to the soma of a nearby granule neuron. In an attempt both failures of granule neuron excitation and failures of synaptic transmission. However, loose-patch recording from separate granule neurons indicated that the failure rate of granule neuron excitation was low (14 of 1000 failures to spike; 100 trials pooled from each of 10 granule cells).
To compare granule neuron-glial cell and granule neuron-Purkinje neuron synaptic currents, recordings of granule neuron-glial cell transmission were made, the recording electrode was removed and exchanged for a fresh one, and a subsequent recording was made from an adjacent Purkinje neuron innervated by the same granule cell ( Figure 2C ). The rising phase of the glial synaptic current was slower than that of the Purkinje neuron synaptic current, and the peak amplitude was somewhat smaller. This was a trend that was also apparent in comparing separate granule cell-glial cell and granule cell-Purkinje neuron pairs (compare Figures 5C and 6C). The decay rate of the glial cell synaptic current was quite variable. While it is similar to the Purkinje neuron EPSC in this example, this was not necessarily a general finding.
When glial membrane potential was systematically changed, a current-voltage relation of the evoked currents emerged that displayed slight double rectification ( Figure 3A ). This form of current-voltage relation is typically found in cells that express AMPA/kainate receptor subunits, but which lack the particular subunit GluR2, and are thereby rendered highly Ca 2ϩ permeable (Hollman et al., 1991) . This has previously been reported for currents evoked by application of exogenous kainate in Bergmann glial cells (Burnashev et al., 1992; Muller et al., 1992; Tempia et al., 1996) . In contrast, cerebellar Purkinje neurons, which strongly express GluR2, have linear I-V relations and AMPA/kainate receptors, which are very weakly Ca 2ϩ permeable as assesed using either the present cell culture protocol (LInden et al., 1993) or the cerebellar slice preparation (Tempia et al., 1996) . To et al., 1991), produced a significant alteration in the amplitude of the evoked glial synaptic current. Similarly, neither D-AP5 (50 M), an antagonist of the NMDA recepto evoke glial synaptic currents, a brief voltage step tor, nor (ϩ)-MCPG (300 M), an antagonist of metabo-(0.1-0.25 ms, 50-200 V) was applied to the loose patch tropic glutamate receptors, altered the glial synaptic electrode to produce an action potential in the granule current. However, the AMPA/kainate receptor antagoneuron. This resulted in an evoked glial synaptic current nist CNQX (30 M) was effective, reducing the glial synin ‫%03ف‬ of granule neuron-glial cell pairs. When a glial aptic current to 11.5 Ϯ 5.8% of its initial amplitude. The synaptic current could not be evoked after repeated remaining current is likely to be mediated by electrostimulation, the loose patch electrode was detached genic glutamate reuptake as it failed to reverse when with brief positive pressure and moved to another granthe glial membrane potential was set at ϩ50 mV and ule neuron for a subsequent attempt. Figure 2B shows was reduced to ‫%03ف‬ of its original amplitude by PDC a glial synaptic current evoked by granule neuron stimu-(data not shown). These results suggest that the glial lation, superimposed upon a subsequent trace in which synaptic current is predominantly mediated by AMPA/ granule neuron stimulation failed to evoke a glial synapkainate receptors. For comparison, when 30 M CNQX tic current. This particular cell pair had 36 of 100 failures was applied to granule neuron-Purkinje neuron EPSCs, in successive stimuli delivered at 0.05 Hz. It should be the currents that resulted were 3.4 Ϯ 1.9% of their initial cautioned that because an amplifier was not used to amplitude (n ϭ 5 cells), a similar degree of attenuation to record through the granule neuron loose patch electhat seen with Purkinje neuron responses to exogenous quisqualate (Linden et al., 1991). trode, this failure rate is an aggregate measure reflecting As previous work has shown that responses to exoge-A report in the literature claims that glia-to-neuron Ca 2ϩ signaling in dispersed forebrain culture is mediated nous AMPA/kainate receptor agonists in cerebellar Bergmann glia are mediated by opening of an ion channel by gap junctional coupling (Nedergaard, 1994) . While the finding that octanol, a blocker of gap junctions, did with high Ca 2ϩ permeability (Burnashev et al., 1992; Muller et al., 1992; Tempia et al., 1996) , it became necesnot affect the evoked glial synaptic current would argue against this mechanism in the present case, gap juncsary to address this issue for the glial synaptic current. To assess the effects of synaptic AMPA/kainate receptional coupling was assessed by direct observation as well. Injection of Lucifer Yellow (0.1%) into a cerebellar tor activation in cultured cerebellar glial cells, glial Ca 2ϩ responses to granule neuron stimulation were measured glial cell via a patch electrode resulted in dye coupling of at least one adjacent glial cell in 10 of 20 cases. using fura-2 microfluorimetry. When the glial membrane potential was set to Ϫ80 mV, peak internal Ca 2ϩ was However, in only 1 of 20 cases, dye was observed in a neuronal compartment following glial injection. Con-82 Ϯ 26 nM (n ϭ 4). Spontaneous synaptic currents were associated with Ca 2ϩ transients, usually limited to versely, injection of Lucifer Yellow into either granule neurons (0 of 15 cases) or Purkinje neurons (0 of 20 a small portion of the glial cell. Stimulation of a granule neuron to evoke a single synaptic current was associcases) never resulted in dye coupling of an adjacent glial cell. This strongly suggests that the synaptic current ated with a Ca 2ϩ transient (peak amplitude 308 Ϯ 41 nM; n ϭ 4), which typically decayed to baseline values evoked in glial cells by stimulation of a granule neuron is not mediated by gap junctional coupling. Taken towithin ‫2ف‬ s (Figure 4 ). When this experiment was repeated with the glial cell held in current-clamp mode, gether, these results indicate that glial cells in cerebellar culture can respond to synaptically released glutamate the peak amplitude of the evoked Ca 2ϩ transient did not differ significantly, suggesting that voltage-sensitive with a fast synaptic current and that this synaptic current is predominantly mediated by the activation of AMPA/ Ca 2ϩ channels do not significantly contribute to this measure (data not shown). While the Ca 2ϩ signal contribkainate receptors and the consequent opening of an ion channel that is permeable to Na, K ϩ , and Ca 2ϩ . uting to this rise is likely to be dominated by Ca 2ϩ influx through the AMPA/kainate receptor-associated ion As cerebellar glia in culture can respond to synaptically released glutamate from granule neuron axons (the channel, it is possible that glial Ca 2ϩ -induced Ca 2ϩ release is also a factor (Lev-Ram and Ellisman, 1995). No cell culture analog of parallel fibers), I wished to determine whether cerebellar LTP could be detected using evidence of a glial traveling Ca 2ϩ wave was seen. granule neuron-glial cell synaptic currents, and if so, if experiments were conducted in conditions in which the postsynaptic cell was loaded with Ca 2ϩ chelator and it had properties similar to those determined for granule neuron-Purkinje neuron EPSCs in the slice preparation.
voltage clamped at Ϫ80 mV, this suggests that Ca 2ϩ influx into the presynaptic compartment is required for As a control, it was first necessary to demonstrate that cerebellar LTP could be induced in granule neuroncerebellar LTP induction. When this same set of experiments was repeated usPurkinje neuron pairs in culture. Activation of a synaptically connected granule neuron-Purkinje neuron pair at ing granule neuron-glial cell pairs, equivalent results were obtained ( Figure 6 ). Activation of a synaptically 0.1 Hz resulted in a mixture of evoked currents and failures ( Figure 5 ). LTP was induced by applying 100 connected granule neuron-glial cell pair at 0.1 Hz resulted in a mixture of evoked currents and failures, with pulses at 4 Hz at the test pulse stimulation strength. Induction of LTP was accompanied by a significant dea slightly higher proportion of failures than granule neuron-Purkinje neuron pairs (42 Ϯ 9% at t ϭ -2.5 min). crease in the failure rate (33 Ϯ 7% at t ϭ Ϫ2.5 min prior to LTP induction, compared with 17 Ϯ 10% at t ϭ 20 min, Induction of LTP was accompanied by a significant decrease in the failure rate (20 Ϯ 9% at t ϭ 20 min, after after LTP induction; N ϭ 6) and a significant increase in the mean amplitude of evoked EPSCs (99 Ϯ 13% of LTP induction; N ϭ 7) and a significant increase in the mean amplitude of evoked EPSCs (104 Ϯ 11% of basebaseline at t ϭ Ϫ2.5 min prior to LTP induction, compared with 193 Ϯ 24% at t ϭ 20 min, after LTP induction).
line at t ϭ -2.5 min prior to LTP induction, compared with 186 Ϯ 16% at t ϭ 17.5 min, after LTP induction). To determine whether cerebellar LTP in culture has similar properties to those described in the slice preparation, When 4 Hz stimulation of a granule neuron-glial cell pair was conducted in the presence of kynurenate ϩ MCPG, 4 Hz stimulation of a granule neuron-Purkinje neuron pair was conducted in the presence of kynurenate ϩ LTP was revealed after drug washout (mean EPSC amplitude ϭ 170 Ϯ 17% of baseline at t ϭ 22.5 min; N ϭ MCPG to determine whether activation of glutamate receptors was required for cerebellar LTP induction. Upon 5). When this experiment was repeated with external Ca 2ϩ removal during 4 Hz stimulation, no potentiation washout of these drugs and the consequent restoration of synaptic transmission, LTP was revealed (mean EPSC was seen (mean EPSC amplitude ϭ 104 Ϯ 10% of baseline at t ϭ 22.5 min; N ϭ 5). amplitude ϭ 172 Ϯ 15% of baseline at t ϭ 22.5 min; N ϭ 5), indicating that they are not required. In addition, While the most parsimonious explanation for these results is that cerebellar LTP is expressed as an increase 4 Hz stimulation of a granule neuron-Purkinje neuron pair was conducted in the absence of external Ca 2ϩ .
in glutamate release that is detected by AMPA/kainate receptors on either glial cells or Purkinje neurons, it is When Ca 2ϩ was reintroduced, allowing for the resumption of synchronous transmitter release, no potentiation formally possible that the potentiated response represents the addition of a novel component of synaptic was evident (mean EPSC amplitude ϭ 108 Ϯ 14% of baseline at t ϭ 22.5 min; N ϭ 5). Since all of these transmission, not mediated by AMPA/kainate receptors. This could result from either the release of a novel copossibility, a saturating dose of an AMPA/kainate receptor antagonist (CNQX, 30 M) was applied 10 min after transmitter after LTP induction or the postsynaptic alteration of other electrogenic proteins such as NMDA rethe induction of LTP. In granule neuron-Purkinje neuron pairs, the amplitude of LTP at t ϭ 10 min was 171 Ϯ ceptors or glutamate transporters. To address this currents. Unfortunately, this will tend to attenuate electrogenic glutamate reuptake, leading to an underestimation of this component by ‫%03ف‬ (Barbour et al., 1988; Szatkowski et al., 1991) . A correction for this would increase the proportion of the glial synaptic current mediated by reuptake to ‫.%51ف‬ Second, it should be emphasized that it is not known whether glial cells in this preparation are exclusively detecting glutamate "spillover" from synapses with postsynaptic neuronal elements, or if direct granule neuron-to-glial cell contacts are sometimes formed. Electron microscopic reconstruction of granule cell-glial cell contacts will be required to resolve this issue. Third, it cannot be determined if Bergmann glia or some other cerebellar glial cell detects synaptically released glutamate in culture, as, to my knowledge, there are no unique immunocytochemical or physiological markers for Bergmann glia. 1992) or Bergmann glia in cerebellar slice (Muller et al., 1992; Tempia et al., 1996) have not mentioned either spontaneous or evoked synaptic currents, it will be infor-18% of baseline, and the current remaining after CNQX mative to repeat the present experiments in a slice prepapplication was 5 Ϯ 3% of baseline (t ϭ 25 min). In aration. granule neuron-glial cell pairs, the amplitude of LTP at
The present finding of AMPA/kainate receptor-medit ϭ 10 min was 185 Ϯ 21% of baseline (Figure 7) , and ated glial synaptic currents differs from that of Mennerthe current remaining after CNQX application was 14 Ϯ ick and Zorumski (1994) who found that similar currents 6% of baseline (t ϭ 25 min). By comparison, unpotentiin hippocampal microisland culture were mediated by ated synaptic currents were reduced to 3 Ϯ 2 and 12 Ϯ electrogenic glutamate reuptake. A more recent report 6% of baseline for Purkinje neurons and glial cells, refrom this group (Mennerick et al., 1996) finds that while spectively. In addition, potentiated glial synaptic curthe response of microisland glia to exogenous glutamate rents measured at t ϭ 8 min reversed at ‫0ف‬ mV and is dominated by a current mediated by AMPA receptors, showed slight double rectification (data not shown) simithe synaptically driven glial current is ‫%02ف‬ mediated lar to that seen for baseline currents ( Figure 3A) . Thus, by these receptors in that it is sensitive to AMPA recepcerebellar LTP in culture appears to be expressed as tor antagonists and is potentiated by the AMPA receptor an increase in glutamate release, which is detected by desensitization blocker cyclothiazide. These authors AMPA/kainate receptors on either glial or Purkinje cells.
suggest that the concentration of glutamate achieved However, these experiments do not rule out the possible at glial membranes by synaptic release is considerably role of a coreleased modulator or MCPG-insensitive smaller than that achieved by exogenous application (2 mGluRs in the cerebellar LTP induction process.
mM glutamate applied with a flow tube), thus allowing the transporter, which has an affinity for glutamate that Discussion is ‫-001ف‬fold Ͼ the AMPA receptor, to dominate the glial synaptic response. The initial finding of this study is that activation of a
The experiments examining cerebellar LTP in granule cerebellar granule neuron can give rise to a rapid inward neuron-Purkinje neuron pairs are entirely consistent current in an adjacent glial cell in culture conditions. with a model in which LTP is triggered by Ca 2ϩ influx This current is predominantly mediated by activation of and accumulation in the granule neuron presynaptic terCa 2ϩ -permeable AMPA/kainate receptors and is largely minal. More interestingly, the demonstration herein that independent of glutamate reuptake or gap junctional LTP with similar properties could be induced in either coupling. Furthermore, activation of a single action pogranule neuron-glial neuron or granule neuron-Purkinje tential in a granule cell was sufficient to activate a brief, neuron cell pairs has important implications for the locus spatially delimited Ca 2ϩ transient. Unlike previous reof expression. One model to explain this finding is that ports that have relied on trains of stimulation to activate cerebellar LTP is expressed postsynaptically via mechaglial cells (Dani et al, 1992; Porter and McCarthy, 1996) , nisms that are common to Purkinje neurons and cerebelthis Ca 2ϩ transient took the form of a simple point influx lar glia. This model would require that these two cell rather than a traveling wave or sustained oscillation.
types respond identically to a common anterograde trigSome caveats should be mentioned in interpreting these ger signal from the granule neuron terminal. A more results. First, the present recordings were made using parsimonious explanation is that cerebellar LTP is exa Cs-based rather than a K ϩ -based internal saline to pressed presynaptically and therefore may be detected using either glial or neuronal postsynaptic cells. In this improve input resistance and the resolution of small amplifier in resistive voltage-clamp mode, filtered at 2 kHz and digivein, it should be noted that a purely postsynaptic matized at 5 kHz using an Instrutech ITC-16 interface and Axodata nipulation, conjunctive application of exogenous glutasoftware (Axon Instruments). Experiments were conducted at room mate pulses and depolarization, which induces LTD in temperature. Drugs were dissolved in ddH 2 0 prior to dilution in extercultured cerebellar Purkinje neurons (Linden et al., nal saline. All drugs were applied by switching the bath solution to 1991), is ineffective in cerebellar glial cells (Linden, un- one containing the drug at a point upstream from the bath chamber.
Ratio imaging of intracellular free Ca 2ϩ was accomplished by published data).
fura-2 microfluorimetry using a cooled CCD camera system as pre-
The presynaptic expression of LTP makes for a very viously described (Linden et al., 1995) (1991) . Conformationally defined neurotransmitter Mouse cerebellar cultures were prepared and maintained according analogues. Selective inhibition of glutamate uptake by one pyrrolito the method of Schilling et al. (1991) . Cultures were maintained dine-2,4-dicarboxylate diastereomer. J. Med. Chem. 34, 717-725. in vitro for 10-16 days at the time of use in electrophysiological Burnashev, N., Khodorova, A., Jonas, P., Helm, P.J., Wisden, W., experiments. Cells were bathed in a solution that contained NaCl
Monyer, H., Seeburg, P.H., and Sakmann, B. (1992) . Calcium-perme-(140 mM), KCl (5 mM), CaCl 2 (2 mM), MgCl2 (1 mM), HEPES (10 mM), able AMPA-kainate receptors in fusiform cerebellar glial cells. Sciglucose (10 mM), and picrotoxin (0.02 mM), adjusted to pH 7.35 ence 256, 1566-1570. with NaOH, which flowed at a rate of 0.5 ml/min. The recording electrode contained CsCl (100 mM), TEA-Cl (20 mM), HEPES (10 Chaudhry, F.A., Lehre, K.P., van Lookern Campagne, M., Ottersen, mM), and Cs 4-BAPTA (10 mM) adjusted to pH 7.35 with CsOH. In O.P., Danbolt, N.C., and Storm-Mathisen, J. (1995) . Glutamate transexperiments with combined patch-clamp and fura-2 imaging, Cs 4-porters in glial plasma membranes: highly differentiated localiza-BAPTA was omitted; 200 M fura-2, K 5-salt (Molecular Probes, Eutions revealed by quantitative ultrastructural immunocytochemistry. gene, OR) was added, and the concentration of CsCl was increased Neuron 15, 711-720. to ‫521ف‬ mM to balance osmolarity. Patch electrodes were pulled Cornell-Bell, A.H., Finkbeiner, S.M., Cooper, M.S., and Smith, S.J. from N51A glass and polished to yield a resistance of 3-5 M⍀ when (1990) . Glutamate induces calcium waves in cultured astrocytes: measured with the internal and external salines described above.
long-range glial signaling. Science 246, 470-473. They were attached to glial or Purkinje neuron somata and were Crepel, F., and Jaillard, D. (1991) . Pairing of pre-and postsynaptic used to apply a holding potential of Ϫ80 mV. 
